The origin of dissolved arsenic in the Ganges Delta has puzzled researchers ever since the report of widespread arsenic poisoning two decades ago. Today, microbially mediated oxidation of organic carbon is thought to drive the geochemical transformations that release arsenic from sediments, but the source of the organic carbon that fuels these processes remains controversial. At a typical site in Bangladesh, where groundwater-irrigated rice fields and constructed ponds are the main sources of groundwater recharge, we combine hydrologic and biogeochemical analyses to trace the origin of contaminated groundwater. Incubation experiments indicate that recharge from ponds contains biologically degradable organic carbon, whereas recharge from rice fields contains mainly recalcitrant organic carbon. Chemical and isotopic indicators as well as groundwater simulations suggest that recharge from ponds carries this degradable organic carbon into the shallow aquifer, and that groundwater flow, drawn by irrigation pumping, transports pond water to the depth where dissolved arsenic concentrations are greatest. Results also indicate that arsenic concentrations are low in groundwater originating from rice fields. Furthermore, solute composition in arsenic-contaminated water is consistent with that predicted using geochemical models of pond-water-aquifer-sediment interactions. We therefore suggest that the construction of ponds has influenced aquifer biogeochemistry, and that patterns of arsenic contamination in the shallow aquifer result from variations in the source of water, and the complex three-dimensional patterns of groundwater flow.
I
n the shallow (<100 m) aquifers of the Ganges Delta, dissolved arsenic varies between 0.01 and 10 µM over vertical and horizontal distances of tens of metres 1 . The patterns of dissolved arsenic observed at a variety of sites have not been explained by local differences in the composition of solid aquifer material collected from cores [2] [3] [4] [5] [6] , and hence seem to result from upstream differences in groundwater chemistry. At our field site in the Munshiganj district of Bangladesh, groundwater arsenic concentrations measured below rice fields and village peripheries have a distinct bell-shaped profile that peaks at approximately 30 m (Fig. 1a) , the depth at which most wells extract water 7 . A similar arsenic pattern has been observed at other sites 1, 3, 4, [8] [9] [10] and regionally 1 (see Supplementary Information). Previous research at our site provides some insight into the source of the contaminated water. Tritium-helium-3 analysis has shown that the water at the depth of the arsenic peak is roughly 50 years old 11 , and analysis of the carbon-14 dates of methane and dissolved inorganic carbon (DIC) has shown that the carbon promoting microbial respiration was recently transported from the surface 2 . A water balance shows that groundwater-irrigated rice fields and constructed ponds contribute most of the recharge to the aquifer, whereas river discharge and irrigation pumping drain the aquifer 7 . However, two key questions remain: what is the recharge source for the contaminated groundwater and what is the source of the organic carbon responsible for arsenic mobilization?
Here we present hydrogeological and biogeochemical data that indicate that recharge entering through organic-rich and permanently anoxic pond sediments contains biologically available organic carbon and is associated with arsenic-contaminated groundwater, whereas recharge from irrigated rice fields lacks biologically available organic carbon and remains low in arsenic. The finding that recharge through anoxic pond sediments drives arsenic mobilization is consistent with a recent study in Cambodia 12, 13 , which found that arsenic was mobilized into recharge entering the aquifer through the anoxic sediments of wetlands. However, owing to human intervention, the groundwater system in Bangladesh differs from that in Cambodia. Many ponds in Bangladesh have been excavated in the past 50 years (see Supplementary Information) and groundwater irrigation has greatly altered subsurface flow paths 7 .
The groundwater flow system and tracers of recharge
To investigate the origin of contaminated water we numerically simulated transient three-dimensional groundwater flow, tracking recharge from different surface sources through the modelled groundwater system. The model domain (Fig. 2a ) was chosen as a 9 km 2 area bounded on one side by a zero gradient condition and on the other three sides by rivers represented in the model by prescribed heads along the river bed and zero-flux conditions extending from the centre line of the river to the base of the underlying aquifer, 90 m deep. Within this domain, ponds (∼11% of the area), villages (∼22% of the area), irrigated rice fields (∼38% of the area), non-irrigated fields (∼27% of the area) and 35 irrigation wells are distributed approximately uniformly. Pump tests provided drawdown data for characterizing hydraulic conductivity and specific storage (see Supplementary Information) . Figure 2b presents the amount of pond recharge at these grid-point locations for three different depths. c, Recharge at the location of the observation wells from which we collected detailed geochemical data 2, 5 . This local recharge profile is consistent with the understanding of regional groundwater flow and the average recharge profile in b. d, Physical description of recharge layering in the aquifer. e, Recharge mixing proportions used to predict the aquifer concentrations shown in black within f-j. The profile was developed with output from the numerical model for the location of our observation wells ( Fig. 1c ) (see Methods). f-j, Measured (orange and red data points) and predicted (black) concentrations of deuterium referenced against Vienna standard mean ocean water (VSMOW) (f), oxygen-18 reference against VSMOW (g), chloride (h), methane (i) and carbon-13 in dissolved inorganic carbon (DIC) (j) in the aquifer. In j the aquifer profile line was not plotted through the outlier data point marked with a question mark. Unless specified, error bars represent analytical uncertainty. Aquifer concentrations were predicted by combining recharge concentrations in the proportions shown in e. The pond (blue triangle) and rice-field (green square) recharge concentrations were measured and the predevelopment water concentrations (brown diamond) were set to match the deepest aquifer samples. f,g,h, The pond value is the average concentration of samples collected throughout the surface-water columns of a young and an old pond and the rice-field value is the average concentration of pore-water samples collected from depths of 0.5-1.7 m in the bund. Error bars represent one standard deviation. i,j, Concentrations represent pore-water samples collected 2.7 m below the young pond's bottom and 1.7 m within the rice-field bund (i) and 20 cm below the old pond's bottom and 1.2 m within the rice-field bund (j).
conditions, without constructed ponds or irrigated rice fields. Then ponds, rice fields and irrigation pumping were added to the model, and the system was simulated on weekly time steps, with seasonally varying river heads and recharge, for 40 years. Inflow from the ponds, irrigated rice fields, non-irrigated fields and the river was tracked through the system by simulating advection and dispersion of conservative tracers. The simulation shows that beneath rice fields, where our clusters of observation wells collect data, pond recharge is focused at the depth of the arsenic peak (Figs 1b-c and 2b) . Following monsoon flooding in November and December, stream tubes emanating from ponds extend towards the rivers below a layer of rice-field recharge. Then in January, when irrigation begins, the flow pattern shifts to local flow cells that converge on irrigation wells. Irrigation pumping is the largest annual discharge from the system, and flow is focused towards the depth of well screens at approximately 30 m. These processes result in a layered groundwater flow system beneath rice fields where rice-field water overlies pond inflow, which overlies centuries-old water that recharged the system before development (Fig. 1b-d) . Pump tests found a ratio of horizontal to vertical hydraulic conductivity within the aquifer of ∼25. This large anisotropy enhances layering of groundwater from different sources by focusing flow into horizontal paths (see Supplementary Information).
Direct measurements of pan evaporation and water levels in seven ponds show that ponds lose, on average, ∼1 cm day −1 of water during the dry season to the shallow aquifer 7 . Local villagers report that water loss from ponds declines over time, a behaviour that may result from the accumulation and clogging of pond sediments 14 . This process could explain why not all ponds in Bangladesh or West Bengal currently lose water at significant rates 7, 15 and also implies that groundwater that is decades old could have originated from ponds of the same age that are no longer contributing much recharge. In agreement with the physical evidence, the chemical signature of high-arsenic groundwater points towards ponds as the source of the contaminated water. The depth profiles in our observation wells of stable water isotopes, chloride and methane, which seems to behave conservatively, match profiles predicted by endmember mixing of concentrations measured in the different recharge sources, with pond recharge dominating the depth at which arsenic is elevated ( Fig. 1f -i, see Supplementary Information for details regarding stable water isotopes). In fact, the chemical signature measured in the shallowest aquifer depths is matched by that measured in the rice-field pore water, whereas the chemical signature measured at the depth of the arsenic peak is matched by that measured in the pond surface and sediment pore water. The chemical evidence supports both our understanding of the layered groundwater flow system and assertion that rice-field recharge produces groundwater low in arsenic whereas pond recharge produces groundwater elevated in arsenic.
Reactivity of pond and rice-field recharge
Recharge from ponds contains biologically degradable organic carbon (BDOC) unlike the rice-field recharge that contains primarily recalcitrant organic carbon. BDOC is operationally defined as the fraction of organic carbon that is oxidized by microbes in the presence of oxygen 16 , and is therefore a measure of how much of the total dissolved organic carbon (DOC) may drive sediment transformations that mobilize arsenic. We measured BDOC in pore water extracted from sediments >0.5 m beneath two ponds (an old and a young pond) and a rice field. Both water types contained 0.4-1.1 mM of recalcitrant DOC, but the recharge leaving the ponds also contained ∼0.5 mM of BDOC ( Fig. 3 and Supplementary Information).
Even though rice fields are one of the largest sources of water to the aquifer, they do not seem to contribute recharge that can mobilize arsenic. Due to the low conductivity of the plough pan, most irrigation return flow bypasses the anoxic and organic-rich shallow soil, and instead enters the subsurface through bunds, the un-ploughed, raised boundaries around the perimeter of fields 17 . Much of the BDOC in this water is probably sorbed by the bund soil 18 or oxidized before it enters the bund because the standing water in the field is supersaturated with oxygen when photosynthesis is high 19 (see Supplementary Information). Rice fields seem to be a net sink of arsenic for the groundwater system (see Supplementary Information). Arsenic concentrations in the irrigation water applied to rice fields are much higher (∼5 µM) than the concentrations in recharge returning to the aquifer (∼0.15 µM; Fig. 4b ). Most of the irrigation arsenic remains in the rice-field soils 20, 21 , and is removed from the fields when the monsoon floods recede (L. Roberts et al., unpublished) .
We propose that microbial oxidation of the ∼0.5 mM BDOC in pond recharge is responsible for the arsenic contamination found in the aquifer. A variety of previous laboratory incubation studies [22] [23] [24] [25] have found that the addition of labile organic carbon, or BDOC, mobilizes arsenic from Bengali aquifer sediments. Under a pond that loses ∼1.5 cm day −1 of water to the subsurface, sampling lysimeters show that dissolved arsenic increases with depth, although, at the deepest sampling point, arsenic has not reached the peak concentration measured in the aquifer (Fig. 4a) .
Arsenic mobilization from soils and sediments
Several biogeochemical pathways may liberate arsenic as pond recharge carries BDOC into the aquifer, including magnetite reduction, arsenic desorption, biotite weathering and apatite dissolution; any set of these reactions may be occurring individually or simultaneously at a given location. The proposed pathways are consistent with our data and supported by PHREEQ-C inverse modelling (see Supplementary Information) . The PHREEQ-C modelling assumed thermodynamic equilibrium, which is reasonable given our 50-year travel time 11 , and homogeneous aquifer geochemistry, which is supported by our previous sediment studies 5 . Magnetite is the only phase containing Fe(iii) detected in the aquifer sediment at our field site 5, 26 , and concentrations of potential aqueous electron acceptors, such as oxygen, nitrate and sulphate, are extremely low 5 . The small 150 µm authigenic cuboidal magnetite crystals observed in our sediments have the highest arsenic content of all the mineral fractions 5 . Oxidation of the 0.5 mM BDOC by magnetite would release 0.47-0.87 µM arsenic per pore volume and dissolution of all the magnetite would release 21-106 µM arsenic (see Supplementary Information), much more than necessary to explain the peak arsenic concentration. Column and mineralogical studies have shown that the biogenic formation of mixed Fe(iii)/Fe(ii) phases often sequesters arsenic 27, 28 , but that full reduction of the mixed-iron phase results in arsenic (As(iii)) mobilization 29 . Because the magnetite was formed in situ, previous conditions must have favoured magnetite formation. However, magnetite reduction is now thermodynamically favourable; the change in Gibbs free energy for the reduction of magnetite with glucose, a model compound for BDOC, is negative for both the pond recharge and the 30-m-deep aquifer water (see Supplementary Information) .
As the pond recharge is transported to the 30 m aquifer depth, phosphorus, calcium, magnesium and sodium increase (Fig. 5b) . Phosphate released from the reductive dissolution of magnetite or from microbial weathering of apatite for phosphate nutrient acquisition 30, 31 can explain the increased phosphorus concentrations. Microbial weathering of Himalayan apatite has recently been demonstrated, and this process can liberate arsenic 30 . Apatite dissolution can also explain the increased calcium concentrations and the tight correlation between arsenic and calcium at our field site 2 . Increases in calcium, magnesium and sodium can be explained by the dissolution of carbonate minerals such as calcite, dolomite or nahcolite, which are all undersaturated in the pond recharge (see Supplementary Information). It is also possible that the cation increase is a by-product of silicate weathering promoted by an initial decrease in pH as BDOC is oxidized to DIC. Hornblende, albite and biotite are all present in the aquifer sediments 5 , and other researchers have suggested that chemical weathering of silicates releases arsenic to the groundwater 32, 33 . Phosphate, bicarbonate or silicate released by any of the processes can compete with arsenic for sorption sites and promote arsenic desorption 34 . We attribute the decrease in iron, manganese and silica (Fig. 5b) to the precipitation of siderite, vivianite, SiO 2 and rhodocrosite, all minerals that are supersaturated in the 30-m-deep aquifer water and are predicted to precipitate (see Supplementary Information) . In addition, a geochemical model 5 of our site required the precipitation of siderite, vivianite and amorphous SiO 2 to reproduce the dissolved concentrations of Fe(ii), phosphate and silicate.
Carbon transformations and carbon dates
The hypothesis that the arsenic-contaminated water originated as pond recharge is further supported through a combined analysis of the measured BDOC fraction and radiocarbon ages. At the depth of the arsenic peak, DIC has a young radiocarbon age, ∼700 years, whereas DOC is old, 2,000-4,000 years (ref. 2) . This discrepancy in radiocarbon ages in the same water samples strongly limits the possible origins for carbon. First, the DIC could not have entirely originated from the DOC, or from the same organic carbon source as the DOC. Second, a large portion of the DIC at the arsenic peak must have been transported from the surface or overlying sediments. Third, a portion of the DOC must have been liberated from the sediment into younger groundwater.
Given these three constraints, the oxidation of BDOC from the surface offers a plausible explanation for the observed radiocarbon and δ 13 C-DIC signature: the ∼9 mM (Fig. 5a ) of DIC in contaminated groundwater with a radiocarbon age of ∼700 years and δ 13 C of −11 (Fig. 1j) can be explained as a mixture of ∼7.5 mM modern (1750-1960) pond DIC ( Fig. 5a ) with δ 13 C of −10 (Fig. 1j) , ∼0.5 mM modern oxidized BDOC delivered by pond recharge (Fig. 3 ) with δ 13 C of −25 (ref. 35 ) and ∼1 mM ∼5,000-year-old DIC dissolved from carbonate minerals with δ 13 C of 0 (ref. 35) . The DOC at the arsenic peak can also be explained as young DOC from the surface mixed with old material dissolved from sediments. The radiocarbon age of the ∼0.8 mM DOC is explained by the release of 0.3-0.7 mM of old detrital organic carbon (∼5,000 years old) into groundwater containing 0.1-0.5 mM of modern organic carbon. These concentration constraints suggest that a portion of the 0.6-1.1 mM young recalcitrant organic carbon entering the aquifer with the pond recharge (Fig. 3b) exchanged with old organic carbon on the aquifer sediments, which could have occurred if the young organic carbon was more hydrophobic than the old organic carbon 36 . The radiocarbon calculations imply that the pond recharge currently seen at the 30 m aquifer depth is 50-250 years old, in rough agreement with the more precise 50-year-old tritium-helium-3 ages measured at this depth 11 . Therefore, ponds excavated approximately 50 years ago are probably responsible for the contamination currently found at the 30 m aquifer depth, whereas recently excavated ponds currently recharging the aquifer could potentially be responsible for future contamination.
Neither methanogenesis nor methane oxidation seem to alter DIC and DOC levels within the aquifer; methane concentrations do not noticeably change as pond recharge travels to the 30 m aquifer depth (Fig. 1i and Fig. 5b) , although methanogenesis may be occurring at a low level. It is also unlikely that significant methane oxidation occurs, because concentrations of the common electron acceptors for methanotrophy (oxygen, sulphate 37 and possibly nitrate 38 ) were all found to be extremely low (micromolar concentrations) in the aquifer water 2, 5 .
Broader impacts
Our data indicate that extensive excavation of ponds, concurrent with the development of groundwater-irrigated rice agriculture, has altered both the geochemical input to aquifers and the patterns of groundwater flow. Several other theories could potentially explain part of the arsenic pattern with depth. The increase in arsenic concentrations from the top of the aquifer to the centre of the pond-recharge plume could be explained by longer exposure times of the groundwater to sediment 39 or decreased volumes of flushing with depth [39] [40] [41] . However, these other theories are contradicted by the decrease in arsenic concentrations from the plume centre downwards, and the close match between indicators of pond recharge and elevated arsenic concentrations (Fig. 1f-i) .
Predicting how concentrations will change at a particular location is challenging: new sources of recharge, ponds or rice fields, work to increase or decrease dissolved arsenic concentrations; shifting flow patterns could draw groundwater with either lower or higher concentrations towards a particular location and increased flushing could reduce concentrations [39] [40] [41] . Furthermore, arsenic levels may have been high at some locations for hundreds of years, where oxides were reduced by either detrital organic carbon or recharge from natural wetlands, rivers or ponds. All of these complexities are compounded by transience of chemical concentrations. While groundwater potentials and velocities adjust quickly to changes, solute concentrations require at least as long as the travel time through flow paths before they reach new steady states. The groundwater residence time in aquifers under current conditions is decades to centuries 2, 7, 11 , and over the past decades irrigation pumping has greatly altered flow patterns. Thus, the composition of much of the groundwater is probably still adjusting to anthropogenic changes that could act to increase or decrease arsenic concentrations.
Despite the complexity of these processes, our results have several implications for safe drinking water. Throughout Bangladesh, and in some other regions where arsenic contamination is likely 42 , our research suggests that the development of artificial ponds above wells should be avoided if it is possible, and that drinking-water wells should not be placed downstream of recharge from existing ponds, wetlands, rivers or other permanently saturated water bodies potentially elevated in organic carbon. Our results also suggest that shallow wells beneath rice fields could offer a source of safe groundwater, particularly if accumulated arsenic in the rice field is removed annually during flooding (L. Roberts et al., unpublished) . Such wells outside villages would be inconvenient, and any program to install these would require further testing and long-term monitoring. Finally, our results support moving drinking-water wells into deeper Pleistocene aquifers where arsenic concentrations are low, while leaving irrigation wells in the shallow aquifer 43 . The hydraulic barrier imposed by shallow irrigation pumping 43 could prevent local recharge from reaching the deep aquifer. This solution requires testing and continual monitoring of the deeper wells 44 , and does not prevent arsenic from entering the rice crop and the human diet 45 ; however, it could significantly decrease human consumption of arsenic by decreasing concentrations in drinking water.
Methods
Here we describe the methods used to characterize the groundwater flow system. Further details of these methods as well as descriptions of chemical methods are given in Supplementary Information. Seasonal water budgets and land-use patterns are presented in ref. 7, hydrostratigraphy is described in ref. 5 and rice-field water budgets are given in ref. 17 . In this study, hydraulic parameters were assessed with pump test data and model fits to hydraulic head. Sixty single-well pump tests were carried out, and analysis of the drawdown curves (see Supplementary  Information) shows that hydraulic conductivity varies little among wells, although specific storage is greater in the upper region of the aquifer. A multi-observation well-pumping experiment was conducted to assess aquifer hydraulic properties at the 100 m scale. After the rice season, an irrigation well was pumped and drawdowns were recorded in 11 observation wells (see Supplementary Information). Aquifer parameters were estimated by fitting modelled heads to the observed heads at these 11 locations using the finite-element software FEFLOW (ref. 46 ) coupled with the parameter-estimation software PEST (ref. 47) . The results are consistent with the single-well tests, but also indicate an anisotropy ratio of 25 for horizontal-to-vertical hydraulic conductivity. These parameter estimates also agree with those estimated by fitting the large-scale model described below to observed seasonal variations in heads (see Supplementary Information) .
A transient three-dimensional numerical model constructed with FEFLOW (ref. 46 ) was used to trace recharge through the aquifer (Figs 1b-c and 2b) . The ∼9 km 2 domain was divided into 20 layers and discretized into 250,000 elements. The model was forced by seasonal shifts in river stages, irrigation rates, and rain and evaporation rates 7 . Observed seasonal river stages were used as prescribed heads in the river channels. No-flow boundaries extended from the centre line of the river channels to the base of the aquifer to represent convergent flow into the rivers from both sides following monsoon flooding and recharge from the river to the aquifer during the onset of flooding. A no-flow boundary also extended across the east side of the domain and across the base of the aquifer, which rests on a 30-m-thick marine clay.
Because the model represents an area of square kilometres, it does not attempt to resolve the tightly woven mosaics of ponds and raised areas that results from the construction of villages. Villages are built above flood levels by excavating clay from pits that subsequently form ponds. Joint village-pond areas are represented with effective values that maintain the correct volume of water within the pond area while preserving the mass balance between pond drainage and flux into the aquifer. This is achieved by using the fraction of the village-pond area filled by ponds as the storage coefficient.
The flux applied to non-irrigated fields was calculated as the difference between rain and evapotranspiration. Evapotranspiration was set to pan-evaporation when the water table was at the surface, but decreased to zero as the water table fell to a 1 m depth. The flux applied to irrigated fields was the sum of the atmospheric flux (rain minus evaporation) and irrigation (volumetric rate withdrawn from the irrigation wells applied over the area of irrigated fields).
The contribution of different recharge sources was traced through the three-dimensional groundwater system by simulating advection and dispersion of conservative tracers introduced into each of the sources. First, the model was run to steady state under predevelopment conditions, without irrigation or constructed ponds. Then, the model was run on a weekly time-step under current conditions with seasonally varying forcings for 40 years, the approximate history of development.
The model represents flow conditions at scales greater than 20 m, not the small scale at which variations in flow patterns may affect individual wells. The model does not differentiate individual ponds with different recharge rates 7 , incorporate bunds that control local infiltration rates within rice fields 17 or represent the sharp interfaces between solutes transported along adjacent stream tubes. By not explicitly incorporating recharge through bunds, which form the perimeters of all rice fields 17 , the model incorrectly predicts that pond water flows laterally immediately beneath some adjacent rice fields. This artefact was corrected in Figs 1b and 2b by using only the regions where 100% of the recharge contribution in the shallowest aquifer layer comes from rice fields. The large-scale structure of the model also leads to overprediction of vertical mixing, although it accurately represents the peak depths of the different recharge sources. Model values of dispersivity were set higher than realistic to prevent numerical oscillations. This is a conventional approach for field-scale simulations of advective dispersive transport 48 . This artefact was corrected in the endmember mixing profile (Fig. 1e) . The locations of the model-determined (Fig. 1c) recharge maxima for pond, rice-field and predevelopment water were retained, but the peak widths refined.
